A quantum network combines the benefits of quantum systems regarding secure information transmission and calculational speed-up by employing quantum coherence and entanglement to store, transmit, and process information.
A quantum network combines the benefits of quantum systems regarding secure information transmission and calculational speed-up by employing quantum coherence and entanglement to store, transmit, and process information.
A promising platform for implementing such a network are atom-based quantum memories and processors, interconnected by photonic quantum channels. A crucial building block in this scenario is the conversion of quantum states between single photons and single atoms through controlled emission and absorption. Here we present an experimental protocol for photon-to-atom quantum state conversion, whereby the polarization state of an absorbed photon is mapped onto the spin state of a single absorbing atom with >95 % fidelity, while successful conversion is heralded by a single emitted photon. Heralded high-fidelity conversion without affecting the converted state is a main experimental challenge, in order to make the transferred information reliably available for further operations. We record >80 s 
repetitions.
Trapped single atomic ions are well suited for implementing quantum memories and processors, as they allow for long quantum information storage times and highfidelity state manipulation and read-out [1] [2] [3] [4] . Optical photons, on the other hand, are the most viable carriers of quantum information over long distances [5, 6] . The integration of ion-based quantum processing nodes and photonic quantum communication in order to form a quantum network [7, 8] appears therefore particularly attractive. Remarkable fidelity and efficiency have been achieved in experiments on photon storage and read-out with atomic ensembles [9] ; we focus on single-atom systems because of their prospect of processing the transmitted quantum information via local quantum gate operations [10] . Using single ions or atoms as senders and receivers of single photons requires controlling the emission [11] and absorption processes, which, however, suffers from low efficiencies, most of all because of incomplete overlap between the spatial profile of the atomic emission or absorption and the photonic mode [12] . Even with approaches that employ optical resonators [13] [14] [15] or a deep parabolic mirror [16, 17] , results have so far remained limited to overall fidelities below 10 %. A possible remedy, which makes the fidelity of the state transfer process independent from its efficiency, is to filter out successful events by a heralding signal; this has been proposed [18] [19] [20] and successfully applied for the creation of remote atom-atom entanglement [21, 22] . It has also been proposed for mapping a photonic polarization state onto an atomic quantum bit by heralding the single-photon absorption with the detection of another single photon emitted in a Raman process [23, 24] , but experimental approaches so far have only used a fluorescence signal as herald, which does not preserve the atomic state [12, 25, 26] .
Here we present the experimental implementation of a protocol for high-fidelity photon-to-atom state mapping heralded by Raman emission of a single photon. Out of 18,000 s −1 runs of the protocol, we obtain >80 s −1 successful state transfer events with 97 % state fidelity and 95 % process fidelity. The single absorption events in this proof-of-principle experiment are driven by multi-photon laser pulses, but the results demonstrate that the state transfer protocol may be readily implemented with true single photons.
Results
Experimental protocol and setup. Fig. 1 illustrates the principle of the experiment, which adapts an earlier proposal [23] to our atomic system, a single 40 Ca + ion [24] . A superposition state in the D 5/2 manifold is prepared as initial state for heralded absorption. Photons at 854 nm wavelength excite this state to P 3/2 . For any photon polarization, the corresponding superposition of the σ + and σ − transition is driven. Upon absorption of a photon, the ion returns to the S 1/2 ground state (with 93.5 % probability, given by the P 3/2 branching fractions [27] ), releasing a single photon at 393 nm wavelength [28] . State mapping is completed by the detection of a π-polarized 393 nm photon; it heralds the absorption process while creating a superposition of the S 1/2 sublevels that corresponds to the polarization of the absorbed photon.
In order to verify the state transfer and quantify its fidelity, standard atomic-state analysis [29] is performed after the detection of the heralding photon. For measuring the ion in the ± Zeeman sublevel of the S 1/2 ground state manifold (filled green circle); then a sequence of one radio-frequency (RF) and two optical pulses creates a coherent superposition between D 5/2 , m = − Our experimental setup is sketched in fig. 2 . A single 40 Ca + ion is trapped in a linear radio-frequency (Paul) trap and Doppler cooled by frequency-stabilized diode lasers [30] . Cooling is facilitated by a static magnetic field, also defining the quantization axis. A narrow-band laser at 729 nm is used for coherent manipulations on the S 1/2 -D 5/2 transition. A laser at 854 nm with variable polarization provides the photons to excite the D 5/2 -P 3/2 transition. For the purpose of demonstrating our experimental protocol, we send many identical photons to the atom in each individual run; quantum state transfer from a single photon to the atom would be attained by the same procedure. In order to coherently control the magnetic-dipole transition coupling the two S 1/2 Zeeman states, we use a copper-wire coil placed below the trap. An RF current at 7.8 MHz creates an oscillating magnetic field (perpendicular to the quantization axis) at the position of the ion, driving the magnetic-dipole transition. Blue photons emitted by the ion are collected through two in-vacuum high-NA laser objectives (HALOs [31] ). Photons at 393 nm wavelength are filtered by a polarizer such that only those scattered on π transitions are transmitted. The photons are then coupled to optical fibers and detected by photomultiplier tubes (PMTs) whose output pulses are fed into the sequence-control unit. For single photons at 393 nm, the pulses are in addition timetagged and stored for later processing. State transfer in circular polarization basis. In a first experiment, we choose the 854 nm-light polarization to be right-handed circular, driving σ + transitions in the atomic system. Hence, only the population in the D 5/2 , m = − 3 2 state is excited. The detection of a single 393 nm photon in the state |π then ideally leaves the ion in the state − 1 2 . After detecting a photon, the atomic state is measured in the ± 1 2 basis. According to the measurement outcome, the photon arrival times are sorted into two histograms. As can be seen from fig. 3(a) , the emission of photons followed by a projection of the atomic state onto + 1 2 is almost completely suppressed. As a reasonable trade-off between high quantum-state fidelity and high photon-detection efficiency, we select only detection events within the first 450 ns of the photonic wave packet. From the number of events in each histogram within this time window, we obtain a fidelity with respect to the ideal atomic state − State transfer of linear polarization. In a second step, we change the 854 nm-light polarization to linear. Thus a superposition of both σ transitions is driven, with the relative phase given by the angle of the linear polarization (which is defined with respect to the plane spanned by the axis of fluorescence collection and the quantization axis). The detection of a scattered |π photon then heralds the projection of the atomic state onto the superposition of + that corresponds to the 854 nm-light polarization. Finally, a π 2 RF pulse is applied before shelving and fluorescence detection, thereby measuring the atomic state in the superposition basis. Fig. 3(b) shows the arrival-time histograms for the two possible measurement outcomes. The oscillations visible in the shapes of the conditional photon wave packets are explained by the difference between the Larmor frequency of the initial superposition . This results in lower Rabi frequencies and hence longer wave packets.
In order to show that the detection of a Ramanscattered photon indeed heralds the successful transfer of the polarization state of a laser photon onto the atomic ground state, we analyze contrast and phase of the oscillations in the Raman-photon wave packets. As the phase accumulated in the D 5/2 , m = ± 3 2 superposition before returning to the ground state is directly given by the time duration until the photon is detected, each detectiontime value t converts into a phase value ϕ = 2π t T . As detection times differing by integer multiples of the Larmor period T yield equivalent final atomic states, we use the reduced phase φ = ϕ mod 2π. For each such phase, we derive from the arrival-time histograms the probability of projecting the ion onto the state + The observed quantum-state fidelities are mainly limited by two effects: Firstly, detector dark counts mimic the detection of 393 nm photons (1.7 %). Secondly, spontaneous decay of population from the P 3/2 back to the D 5/2 state leaves the ion in a mixed state from which it is subsequently transferred to S 1/2 ; the observed contribution (1.4 %) is on the order of what is expected from the P 3/2 branching fractions. This limitation will not matter in experiments employing true single photons at 854 nm since there is no second photon available for reexciting the ion. The state fidelity may also be reduced by magnetic-field noise, but here the other two effects were more relevant; in a different realization of the protocol, described below, magnetic-field noise was found to be significant. Quantum process tomography. Another way of quantifying the transfer fidelity of the mapping process is to perform quantum process tomography. The quantum process ε mapping the photon polarization state ρ onto the atomic state can be expressed as ε (ρ) = m,n χ mn σ m ρ σ n with the Pauli matrices {σ i=1,..,4 } = {1, σ x , σ y , σ z } and the process matrix χ [32] . The value |χ 11 | represents the identity part of the quantum process and is known as the process fidelity. It can be computed using four mutually unbiased polarization states and the resulting atomic states. For a 450 ns time window, we derive a process fidelity of 95.0(2) %, with which the atomic state reproduces the polarization of the absorbed laser photon. It is instructive to analyze the figures of merit of the transfer for different choices of the time window. Fig. 5 shows the process fidelity and average state fidelity as a function of the photon-detection probability, the latter being set by the choice of the detection-time window. For our 450 ns time window, we achieve 0.438(1) % average detection efficiency. 
Discussion
Reference [24] discusses various schemes for mapping the polarization state of an absorbed 854 nm photon onto the atomic ground-state qubit, of which we also implemented an alternative one: Instead of preparing the ion in a coherent superposition of the D 5/2 , m = ± and − 1 2 that corresponds to the 854 nm-light polarization. For the 450 ns detection-time window, we achieve 91.7(5) % process fidelity, 94.8(2) % average state fidelity, and 0.318(1) % heralding probability. The reduced fidelity as compared to the previous scheme is mostly attributed to the non-linearly [33] higher sensitivity of the ± 5 2 states to magnetic-field noise.
In conclusion, we demonstrated heralded, high-fidelity mapping of a photonic polarization state onto an atomic quantum bit. After preparing a single 40 Ca + ion in a coherent superposition state, the absorption of a photon on the D 5/2 -P 3/2 transition maps the photonic polarization state onto the atomic S 1/2 Zeeman qubit. Successful mapping is heralded by the detection of a Ramanscattered photon at 393 nm wavelength, without perturbing the atomic qubit state. By virtue of our high-NA light-collection optics, the heralding probability amounts to 0.438(1) %. The process fidelity is 95.0(2) % and the average fidelity of the resulting atomic state with respect to the initial polarization amounts to 96.9(1) %. While in this demonstration we used laser photons to obtain a high interaction rate, the scheme can readily be applied to single photons, for example from a resonant SPDC source [34] . Upon absorption of one photon, detection of a 393 nm Raman photon will then herald the entanglement of the partner photon with the ion. This scheme shall be extended to having both entangled partner photons absorbed by ions in remote traps [35] . Coincidental detection of two 393 nm photons then heralds the entanglement of the two spatially separated ions and completes photon-to-atom entanglement transfer.
Methods
Experimental sequence. All laser beams are controlled through acousto-optic modulators (AOMs). The sequence starts with a 5 µs pump pulse of σ − polarized light at 397 nm. This prepares the ion in the − states is created by an RF pulse of 2.8 µs duration. Subsequent 729 nm pulses, each lasting 9.6 µs, transfer the superposition to the ± 3 2 states of the D 5/2 manifold. The 854 nm beam from which a single photon is absorbed is switched on for 3 µs at 12 µW optical power, yielding ∼ 9 MHz Rabi frequency for a 125 µm beam waist. If the Raman-scattered photon is not detected (in most cases), we apply Doppler cooling for 10 µs. Including delays in the control electronics, we achieve a repetition rate of 18 kHz.
Fluorescence detection. Light emitted by the ion is collected through two high-NA laser objectives (HALOs, NA = 0.4), each covering ∼ 4.2 % of the total solid angle, and coupled to multi-mode optical fibers with 83 % efficiency. The light is then detected by photomultiplier tubes with ∼ 28 % quantum efficiency. For isotropic emission, this yields a total detection efficiency of 0.98 %.
Atomic-state analysis. After detecting the Raman photon at 393 nm, the atomic state is analyzed: depending on whether a superposition basis is used, first a rotation in the S 1/2 manifold is performed by another RF pulse. Then we apply a shelving pulse at 729 nm, which transfers the + 1 2 state to the D 5/2 manifold, before switching on the cooling lasers. A projection onto the S 1/2 state is signaled by the onset of resonance fluorescence, detected at a rate of 1.07 · 10 5 s −1 . A projection onto D 5/2 leaves the ion dark, resulting in a detection rate of 60 s −1 from detector dark counts and laser stray light. Integrating the detection rate for 100 µs allows us to discriminate between the two atomic states with 99.986 % fidelity.
Indistinguishability of 393 nm photons. It is important to note that in a single-photon realization of the protocol, the arrival time distribution of the Ramanscattered photon at 393 nm will not contain any information about the polarization of the single absorbed 854 nm photon. With 854 nm laser light we observe different distributions for different polarizations, as in figs. 3(a) and 3(b). For a single-photon realization, however, the relevant quantity is the peak value of this measured distribution, which is identical for the two cases; the subsequent shape only reflects the temporal behavior of the D 5/2 -state population for the case of laser excitation.
